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Abstract 
A necessity of the availability of communication network to provide data transfer amongst the 
coordinated single-phase rooftop photovoltaic (PV) in unbalanced three-phase low voltage (LV) feeder is 
essential since fetching data within the sensor of each PV unit requires real-time measurement and 
reliable data exchange within smart grid (SG), loads and other PV units. The main objective of this paper is 
to model the popular Wi-Fi, WiMax and ZigBee wireless data communication techniques into algorithms 
using numerical analysis. Those communication technologies have low cost and low power consumption. 
The benefits and drawbacks of those considered wireless data communications are shown as the required 
data that transferred and appropriate coding is also proposed. The number of transmitted symbols and the 
processing time delay of the proposed data coding are numerically analyzed, the results indicated that the 
100% penetration level of PV that resulted higher injected reactive power back into the networks is able to 
be overcome since the coordinated PVs along the feeder is communicating to lower the unbalanced 
voltage profile. 
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1. Introduction 
Installing random rated and located single-phase rooftop photovoltaic (PVs) in a certain 
neighborhood is leading to a substantial amount of electric energy generation in the form of 
distributed generators (DGs) within the electric networks. Their integration into the electric 
networks will cause several settlements, by reducing the network expansion costs, minimizing 
the power losses in long feeders and increasing the reliability of the network. They may also be 
accommodating to achieve faster recovery following a fault in the network [1].  
As PVs coordinated in the LV feeder, the unequal loadings lead to an unbalanced 
network. Communication and intelligent system is required to support the power distribution 
system due to reducing voltage unbalance. In addition, it is expected that in the future all PV 
system in either grid-tied mode or off-grid mode will be totally computerized. The 
computerization system includes fetching data from sensors, passing the data to controllers and 
passing the control commands to the actuators [2].  
The wireless technologies have fewer installation costs compared to the wired 
technologies and are more suitable for remote areas while being more flexible for the future 
expansions. The most popular wireless technologies that are used in power distribution system 
are Wi-Fi [3], Wi-Max [4] and ZigBee [5-6]. The required communication technology along the 
LV feeder is for covering the scattered location of the single-phase PV units, and handling a 
numerous and massive number of the sensors/meters/actuators. A comparison of different 
wireless technologies that can be considered for smart grid (SG) application is presented in 
Table 1. 
In order to improve the imbalanced system, which mentioned earlier, this paper 
discusses the integration of communication-based and intelligent voltage profile regulating, 
which is discussed in [7] by using Wi-Fi, Wi-Max, and ZigBee, respectively, and modeling them 
in certain coding as numerical analysis to mitigate the advantages and disadvantages of their 
techniques to support the improvement of voltage profile and reduce voltage imbalance.  
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The rest of the paper is arranged as follow, section 2 is discussed the three considered 
wireless data communication technologies, section 3 is discussed the proposed system,  
section 4 is described the simulation of results of the modeling systems, and finally section 5 is 
concluded the proposed system by presented the benefits and drawbacks of each proposed 
technique.   
 
 
2.    Research Method 
2.1. IEEE 802.11 (Wi-Fi) 
Wi-Fi stands for Wireless Fidelity. It is the most popular among the wireless standards 
developed by Wi-Fi Alliance under the IEEE 802.11 standards. The Physical Layer and the 
MAC layer of the Wi-Fi Technology are governed by the IEEE 802.11 standards. The IEEE 
802.11 is a family of standards. The most popular among these versions are IEEE 802.11b and 
IEEE 802.11g. The latest release is the IEEE 802.11n.  
IEEE 802.11b allows working in the ISM band at 2.4GHz. It employs direct sequence 
spread spectrum (DSSS) modulation technique with data rates reaching up to 11Mbps for 
indoor environment and up to 1Mbps for outdoor environments. The indoor range is around 30–
40m while the outdoor range is around 90–100m [3]. IEEE 802.11g allows working at the same 
ISM band frequency of 2.4 GHz. It uses orthogonal frequency division multiplexing technique 
(OFDM) with data rates up to 54Mbps. It is also compatible with IEEE 802.11b standard 
devices. IEEE 802.11b is the most commonly used standard amongst others. Wi-Fi provides 
robust performance in a shared spectrum and noisy of radio frequency (RF) channel 
environments. It supports all IP based protocols. A wide range of data rates is supported along 
with point-to-point and point-to-multipoint communications. Security features for secure and 
authentic data communication are also implemented, making it a strong contender for 
communication technologies for SG [3]. Therefore, this communication technology is suitable to 
be used for coordinating the single-phase rooftop PVs along the considered LV feeder as seen 
in Figure 1. 
 
2.2. IEEE 802.16 (Wi-Max) 
Wi-Max stands for Worldwide Interoperability for Microwave Access. This 
communication technology developed under the IEEE 802.16 standards for wireless broadband. 
Among the IEEE 802.16 standards, the most used standard is the IEEE 802.16e 2005. The 
IEEE 802.16 specifies the Physical and MAC layer for the Wi-Max technology. The Physical 
layer involves OFDMA with other features including multi-input-multi-output (MIMO) based 
antenna systems used in order to provide the non-line of sight capability.  
Wi-Max technology uses two frequency bands, one for the line of sight (11–66 GHz) 
and other for the non-line-of-sight operation (2–11 GHz). Wi-Max involves data encryption 
standard (DES) and advances encryption standard (AES) encryption techniques for secure and 
reliable data communication [8]. These security mechanisms are implemented at the MAC layer. 
MAC layer also incorporates power saving techniques such as sleep mode, idle mode, etc. Wi-
Max is specifically designed for point-to-multipoint communications for both fixed and mobile 
applications; with data rates, up to 70 Mbps over a distance of 50 km [9]. Therefore, this 
communication technology is more suitable for MV feeder with coordinated single-/three-phase 
rooftop PVs, whereas the load characteristics are varied.  
 
2.3. IEEE 802.15.4 (ZigBee) 
ZigBee is a wireless networking standard targeted at monitoring, control, and building 
and home automation [10-11]. ZigBee is designed to interconnect autonomous sensors and 
actuators to control units with an emphasis on low power consumption. It is a specification 
based on the IEEE 802.15.4 standard [12-13], extending that definition by developing new 
additional higher layers.  
There are two different types of ZigBee device. The ZigBee coordinator is a full function 
device (FFD) that coordinates the network and forms its root, making a bridge with other 
networks, managing the network security and its security keys and also being able to store 
information about the network. The ZigBee router is an FFD that can have sensors and 
actuators but its capacity enables it to relay messages from other nodes, acting as a router. The 
ZigBee end device is a reduced function device (RFD) that can be connected to sensors and 
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actuators and can be asleep most of the time to extend the battery life. It has reduced 
processing capacity, which means that it is cheaper to produce but it cannot relay messages.  
By the view of the IEEE 802.15.4 network topologies in the ZigBee standard, in a star topology, 
the network is controlled by one single device. In mesh and tree topologies the ZigBee 
coordinator is responsible for starting a new network when appropriate and assigning addresses 
to newly associated devices but the network may be extended through the use of ZigBee 
routers.  
 
 
Table 1. Comparison of different wireless technologies applicable for grid-tied PV system 
Technology Range Data Rate Frequency Routing Security Suitable for Modulation Installation Cost 
Wi-Fi 100m 54Mbps 2.4 GHz More than 
70  
Protocols 
WPA Backbone QPSK, 
BPSK,  
16/64QAM 
Moderate 
WiMax Several 
km 
30-40Mbps 2.3, 2.5,  
3.5 GHz 
AODV, DSR, 
 OLSR and 
ZRP 
AES  
and 
3DES 
Backbone 16/64QAM,  
OFDMA-
PHY 
Moderate 
ZigBee 100-
150m 
250kbps 2.4 GHz, 
868,  
915 MHz 
AODV, 
HERA 
AES End devices OQPSK, 
BPSK 
Low 
 
 
 
 
Figure 1. Network with PVs under consideration 
 
 
The ZigBee network should be able to connect itself to other wireless or wired networks. 
The ZigBee alliance offers one solution for that need, called the ZigBee gateway. The ZigBee 
gateway provides high feature connectivity and allows a larger diversity of applications and 
devices to connect and control the ZigBee networks and their devices. It translates the ZigBee 
network and devices protocols to a variety of other formats that exist in the industrial, 
commercial and residential systems, providing an interface between the ZigBee and IP devices 
with an abstract interface that isolates the IP device from the ZigBee protocol and translates 
both commands and addresses between them. Therefore, this communication is suitable for 
coordinating single-phase rooftop PVs in the LV three-phase feeder as in Figure 1. 
 
 
3. Results and Analysis 
In this section, it is explained the results of research and at the same time is given the 
comprehensive discussion. It included the considered network, the modeling and analysis of the 
considered network, the considered wireless technologies and also the active and reactive 
power control of PVs in the LV feeder.  
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3.1. Network under consideration 
Let us consider an 11 kV three-phase medium voltage feeder supplying a 380 V three-
phase four-wire low voltage residential feeder, as shown in Figure 1 [7]. The residential feeder is 
assumed to be unbalanced due to the distribution of loads and unequal distribution of single-
phase rooftop PVs with different ratings. The configuration of the considered network is detailed 
in Table 2. 
 
 
Table 2. Technical parameters of the simulated test network 
Transformer 11/0.415 kV, 50 Hz, 150 kVA, 50 Hz, Dyn, z = 0.05 pu 
MV Feeder 11 kV L-Lrms, 3-phase 3-wire, 5 km, 1.08 + j0.0302 Ω/km  
LV Feeder 415 V L-Lrms, 3-phase 4-wire, 400 m, 0.452 + j0.270 Ω/km 
 
 
3.2. Network modelling and analysis 
An unbalanced sweep forward-backward load flow method is developed in MATLAB 
and used for the analysis of the three-phase four-wire radial network under consideration. The 
load flow calculates bus voltages along the feeder.  
 
3.3. Considered communication technologies 
As Wi-Fi, Wi-Max and ZigBee used for the developing technologies for PV communication in 
three-phase LV feeder, they are expected to coordinate the capability of single-phase rooftop 
PVs to mitigate the injected active and reactive power toward every phase along the feeder. 
Therefore, the regulation and reduction of the voltage profile of the unbalance three-phase LV 
feeder might achieve. In addition, Table 3 shows the comparison of the communication 
penetration among Wi-Fi, Wi-Max, and ZigBee in three-phase LV feeder with single-phase 
rooftop PVs. As the antennas that suitable for Wi-Fi communications, the discussion and 
analysis are detailed in reference [14] and [15].   
 
 
Table 3. Penetration of the communication technologies 
Communication 
Technologies 
Generation Distribution Consumer 
Conventional Distributed 
Renewable 
& Energy-
based 
Substation 
Automation 
& 
Protection 
Distribution 
Line & 
Monitoring 
Equipment 
Monitoring 
& 
Protection 
Home 
Automation 
& Control 
Industrial 
Automation 
& Control 
Automatic 
Metering 
Reading 
PEVs 
Wi-Fi Δ ∞ ✔ ∞ ✔ ✔ ✔ ✔ Δ 
Wi-Max Δ Δ Δ ∞ ∞ ∞ ∞ Δ ∞ 
ZigBee Δ Δ Δ Δ Δ ✔ ✔ ✔ Δ 
Legends:  Δ  = ongoing research, some solution available but under testing 
 ∞   = not currently in use, solutions can be developed 
 ✔  = in use, some developed solutions available 
 
 
3.4. Active and Reactive Power Control of PVs 
The consider the LV feeder of Figure 1 with 10 buses (nodes) where each node may 
have several single-phase PVs. 11 kV /380 V transformer supplies 30 houses, distributed 
equally among the phases is originated from [7]. The PV inverters currently operate in constant 
output power mode. Under such conditions, they only inject current with unity power factor and 
do not affect the voltage at their point of common coupling. If the inverter is operated in voltage 
control mode, each PV can correct its own PCC voltage to a desired value by injecting or 
absorbing the required amount of reactive power (QPV,ref). To minimize the difference between 
the PCC voltage (VPCC) with its reference value (VPCC,ref), each PV inverter needs to exchange 
reactive power with the feeder to keep the voltage of its output equal to the desired value based 
on the droop control strategy as 
 
𝑄𝑃𝑉,𝑟𝑒𝑓 = 𝑚(𝑉𝑃𝐶𝐶,𝑟𝑒𝑓 − 𝑉𝑃𝐶𝐶)        (1) 
 
where m is a coefficient and will be assigned by the reactive power-voltage (Q-V) droop 
controller. The Q-V droop controller improves the dynamic oscillations between the reactive 
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power and the voltage variation in the system. The calculated QPV,ref must be within the inverter 
capacity as 
 
    (2) 
 
where SPV,max is the maximum apparent power of the PV inverter. If the required QPV,ref is 
beyond its maximum injection or absorption capability, it runs on the maximum limits. 
 
3.5. Study case 
The simulation of the unbalanced three-phase LV load flow runs over a three-phase four-
wire radial network as the test case. The performance evaluation of the discussed system under 
load and PV uncertainties and the network of Figure 1 is considered as the test case. The 1 to 5 
kW PV cells are assumed to have an equivalent distribution. In this study, the availability of 
sunlight irradiance is assumed between 6 am and 6 pm while the PVs generate their maximum 
output at 12 pm. The 100% PV penetration level is considered. Following that, the different PVs' 
penetration levels are also calculated.  
The considered PV communication technology is Zigbee since it is the most suitable for 
this test case. As PVs along the feeder are communicating during the generation of their 
maximum output, the coordination of them provided the improvement of the reactive power and 
voltage profile of the system. As the results, the load profile of 30 houses from the simulation of 
the test case is demonstrated in time-domain in Figure 3. It can be seen that mostly the PVs' 
active power reach their maximum output at noon, over the 24-hr period.  
 
 
4. Conclusion 
This paper has evaluated the performance of an intelligent and communication-based 
using Wi-Fi, Wi-Max, and ZigBee to regulate voltage profile of the LV three-phase feeder within 
the standard limit. It also defines proper reference voltages for the three phases of the network 
at each bus which will be utilized by the PV inverters and uses reactive power support and 
active power curtailment to regulate the point common couple voltage of each PV inverter to the 
desired reference value. Based on the considered test case, the coordinated of PVs along the 
three-phase feeder are well communicated since the output power and voltage profile of the 
system are successfully improved.   
It can be seen that Wi-Fi and ZigBee based communication are easily available for 
home automation and automatic metering reading (AMR) purposes. The hot issue nowadays is 
to develop solutions for PEVs, which currently a major consumer of electricity in several 
developed countries. On one hand, Wi-Max is not very popular among researchers and 
therefore only AMR based activities are seen till now. On the other hand, ZigBee discovers the 
most positive response towards the home automation.  
 
 
 
 
Figure 3. Considered random residential demand for 30 houses over a 24-hr period 
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